A synthetic aperture radar is considered, located on a geosynchronous receiver and illuminated by the backscattered energy of satellite broadcast digital audio or television signals. The principal application of such a passive system could be differential interferometry, since even low spatial resolution coupled to zero baseline would be useful; however, other imaging applications could be envisaged and even some topographic capabilities if a baseline is created by ellipticizing the receiver's orbit. Spatial resolution, link budget and possible focusing techniques are evaluated.
Introduction
As hundreds of digital communications satellite channels (i.e. television, Digital Audio Broadcasting (DAB) and personal communications) will be available in the near future [1] [2] , it is interesting to evaluate the feasibility of a bistatic (parasitic) Synthetic Aperture Radar (SAR) system [3] based upon a geostationary transmitter and a geosynchronous receiver [4] . With the envisaged levels of Effective Irradiated Power (EIRP), it is possible to create useful images of the terrain at a continental scale. A single channel could image every T hd = 12 hours a wide area with a spatial resolution of about 120 × 120 m 2 ; the Signal to Noise Ratio (SNR) would amount to about 9.2 dB, with a terrain reflectivity σ 0 = −18 dB. After 35 days (the revisiting time of ERS type satellites) this would add up to a SNR of about 27.5dB for stationary targets. The backscattered radiation of the many available television or DAB channels could be combined either to increase the Signal -to speckle noise Ratio (increasing the Equivalent Number of Looks) and/or the spatial resolution or to reduce the acquisition time. The principal application of such a bistatic system could be differential interferometry, since even low spatial resolution coupled to zero baseline would be useful. A synthetic aperture is created by putting the orbital plane of the receiving satellite slightly off the equatorial plane (non-zero inclination orbits [5] ). A characteristic of this SAR system would be the inability to focus moving or changing objects, so that most of the energy that would reduce coherence in the usual SAR images would either be filtered and attenuated by the extremely slow relative satellite motion or would be left unfocused. Sea, water bodies, leaves would be practically invisible since their reflections would decorrelate and partially average out during azimuth presumming; viceversa, whatever imaged would have high coherence. A DAB system that operates in L band (1.5GHz) would be preferable to a TV channel that operates in X band (12GHz). In fact, the lower the frequency, the higher is the penetration of the radiation and a larger amount of long term stable scatterers would be imaged; hence, we will refer to an L band DAB system with a bandwidth of about 4MHz, an EIRP of 57dB, and an illuminated area with a diameter of about 1500km.
2 Structure of the system S T , be the satellite used for DAB, is supposed to be geostationary. S T illuminates a region of say continental scale; a receiving satellite S R monitoring the backscattered signal is put in a geosynchronous orbit, slightly off the equatorial plane. S R should be offset from S T of a longitudinal angle ϑ in order to avoid too strong direct arrivals. Due to the small offset of its orbit from the equatorial plane, S R has an almost harmonic motion North-South with respect to the earth (in practice a figure of eight would be formed in the sky [5, 7] ). A line of length n S is described (the synthetic antenna, 60km long to get 120m azimuth resolution). The relative velocity of S R is approximately sinusoidal and lower than 2m/s. We can consider S R operating "stop and go", with stops of increasing duration as the satellite distance from the equatorial plane increases. S R is thus the receiver of a bistatic SAR flying North-South at an altitude of 36000km and receiving instead of the more familiar chirp, known random sequences (the stops length ΔT could be several seconds or much more).
The backscattered signal is received by S R and then immediately down transmitted to the earth station. Here, the signal received from S R is cross-correlated with the one directly received from S T . Scatterers at different ranges (their relative distances being larger than a few tens of meters, given the 4MHz bandwidth of DAB) will produce distinct peaks in the cross-correlation. The time varying crosscorrelation of the two signals is measured say at time intervals ΔT and stored like the usual correlated chirp response; the SAR image is formed using the N-S wander to create the synthetic antenna and a spotlight mode focusing technique. In the following description of the system we shall consider as constant the satellite velocity at v s = 2m/s getting a useful observation time of T o = 8.3 hours (instead of T hd = 12 hours) and thus discarding the very edges of the synthetic antenna where the satellite velocity is close to zero. In this way we will underestimate the signal to thermal noise ratio.
Focusing

Slant range
Slant range focusing is got by crosscorrelating the backscattered signal with a replica of the transmitted signal. In order to assimilate the system to the usual SAR systems we indicate with ΔT the "stop" length and therefore the length of the time window used for the crosscorrelation; the equivalent Pulse Repetition Frequency PRF would be 1/ΔT. We shall see in the sequel that the actual value of ΔT is insubstantial. The window duration ΔT depends on the range swath but also on the azimuthal width of the imaged area. Let the area observed by S R be a circle of diameter D R within the area illuminated by S T . In order to collect the echoes from D R , the window length ΔT should be much longer than the equivalent range swath duration τ r :
being c the speed of light and α the incidence angle from the receiver, assuming α = 30 o and D R = 1500 km. On the other hand, ΔT has an upper limit that depends on the azimuth swath that should be imaged. In the following derivation we shall make use of the superposition principle by considering one stable point scatterer at a time with reflectivity r(x, R 2 ), being x the along track coordinate of the scatterer on the ground and R 2 its slant range coordinate as shown in figure 1 . Moreover, we shall assume that the receiving satellite S R does not move during ΔT : we shall verify the validity of this "stop and go" hypothesis after the derivation of the impulse response of the proposed system. With these hypotheses the following relation between the transmitted (u(t)) and received (s(y, t)) signals holds (we consider the total travel path
T ot λ being A a practically constant gain to be discussed in the link budget section. Considering R 2 R 1 = R and not considering constant gain, phase, and delay terms, we get the following approximated expression for the received signal: As for the usual strip map SAR we can recognize the "range migration" (delay) and the "Doppler history" (phase) terms. If we cross-correlate the received signal s(y, t) with the transmitted one u(t), we get the range compressed signal z(y, τ ) that shows a peak 1 at lag τ = (x 2 − xy + y 2 )/Rc, with an amplitude proportional to the reflectivity |r(x, R)| and a phase ϕ(x, y) = 2π(x 2 − xy + y 2 )/λR + ∠r(x, R). It should be noted that the stop and go hypothesis is totally acceptable if the phase shift in ΔT is less than π and assuming a constant receiving satellite
The same result could have been obtained by considering that an antenna footprint F = 1500km from 36000km means a physical antenna aperture of about L = 4.8 meters at λ = 20cm. The azimuth resolution that could be achieved with a bistatic strip-map conventional SAR using this antenna could be down to 4.8 meters. Azimuth sampling should be taken smaller than this value and thus ΔT would be less then 2.4 seconds. However, signal to noise ratio dictates a much lower azimuth resolution; in conventional SAR we could presum N azimuth lines to reduce by the same factor the antenna footprint and the azimuth resolution. In the proposed bistatic system the synthetic antenna aperture is limited to n S = 60km (i.e. 25 times smaller than the widest synthetic antenna compatible with the receiving antenna). Thus, as long as F p , the antenna footprint after presumming during ΔT , is greater than the synthetic antenna aperture n S the azimuth resolution ρ a remains unchanged, but for edge effects. Then, the upper limit of the cross-correlation window ΔT is:
With F p = 180km, we get ΔT = 20 seconds. Due to the limited receiving satellite motion (n S = 60km), a swath wide only F p − n S = 120km will be imaged with the nominal azimuth resolution ρ a = 120m. The imaged swath is squintable N-S (as in the case of airborne SAR) by means of a band-pass instead of a low-pass presumming. Keeping F p = 180 km allows us to avoid to handle too large range migration terms in the azimuth focusing. Using the beam steering technique the presumming time could be increased at will reducing at the same time F p . We notice here that using a correlator on board, the down link bit rate from S R could then be extremely low (even few bits per second).
Azimuth
Let us consider the expression of the range compressed signal z (y, τ ) where y is the azimuth position of the receiving satellite (that could be actually considered to operate "stop and go" at intervals v s ΔT = 40m) and τ is the time lag of the correlation related to the range position of the scatterers within the imaged swath (i.e. τ can vary from t NR -near range-to t NR + τ r -far range-). From equation 2 the following expression of z (y, τ ) holds for scatterers disposed along a line at constant slant range R:
being h(τ ) the slant range impulse response of the system, i.e. the expected value of the correlation of two synchronous random sequences with 4MHz bandwidth and ΔT seconds length. It should be noted that due to the azimuth limitation to ±F p /2 the range migration is small and stays approximately within one or two slant range resolution cells. Thus, the range migration term can be assumed as a constant and neglected and the following simpler expression holds:
Finally, we remove the lag dependence, referring to the next section for the analysis of the effects of the bias induced by the non perfectly impulsive character of h(τ ), and posing:
where we can recognize the formal structure of a Fourier transform. Thus, if we multiply both sides by exp(j2πy/λR) (the beam steering factor) and we integrate in y (with a reasonable sampling interval ΔT/v s ) from −n S /2 to n S /2, we get the focused image I(ξ):
Impulse response of stable targets and clutter
Let us consider a single scatterer, stable on the terrain. It is illuminated for ΔT seconds from S T by the DAB signal, white to 4MHz, and therefore with a decorrelation time τ = 250n sec. The scattered signal is received by S R at a given position (stop and go assumption) and the range focused signal is formed by cross-correlation; the lags of the crosscorrelation to be observed have a total time duration τ r . The cross-correlation has a peak at the scatterer travel time plus a random pedestal with constant power. The peak-pedestal power ratio is ΔT/τ . The correlation is repeated for all the T hd /ΔT azimuth positions of S R . Finally, the focused SAR image of the scatterer is obtained by summing the rephased range-compressed data. The peaks of the range cross-correlations sum coherently whereas pedestals sum incoherently. As a result we get a peak at the scatterer location and a 2D constant pedestal, all over the image. The peak-pedestal power ratio in the entire image due to any single scatterer is:
Impulse response of totally non-coherent targets and clutter
Unlikely scatterers which have a correlation time smaller than τ can be considered "non-coherent" at all. The impulse response of a single scatterer of this type would not show any peak, but just a 2D pedestal with the same constant power of that of coherent scatterers. Again the average power of any such 2D pedestal is 111dB below the peak power of coherent scatterers.
Impulse response of partially coherent targets and clutter
Let us now consider a single non stable scatterer which has a correlation time τ c smaller than ΔT , but larger than τ (for water or dense vegetation in L band we take τ c = 0.1sec). The cross-correlation produces a peak located at the scatterer position plus a random stationary pedestal. In this case the peak to pedestal power ratio is smaller than for stable scatterers since the peak power is now proportional to τ c /τ instead of ΔT/τ . Another difference with respect to coherent targets is that the peaks of each of the T o /ΔT range focused lines are not correlated to each other. Thus, azimuth focusing generates a random stationary signal in the azimuth direction (i.e. a noisy line instead of a peak as for coherent targets) confined to the range bin of the partially coherent target (1D noise pedestal in azimuth) plus a stationary 2D pedestal as in the case of coherent targets (i.e. −111dB below the signal power). The power ratio between the useful signal (peak of a stable coherent target) and the 1D pedestal in azimuth is thus:
Signal to clutter noise ratio
Let us assume to have distributed scatterers with the same σ o all over the imaged area (i.e. a square with a side of 1500 km instead of a circle of diameter D R = 1500 km, for the sake of simplicity). Let us also assume that Γ 1 , Γ 2 and Γ 3 are the percentage of coherent, totally non-coherent and partially coherent scatterers. From the previous discussion we should consider three different types of noise that add to the signal coming from stable scatterers: i) a constant power 2D noise pedestal coming from all stable scatterers. The number of independent stable scatterers imaged by the proposed system is Γ 1 × F p /ρ a × τ r /τ . From equation 3 and exploiting the superposition principle the signal to noise (peak to 2D pedestal) power ratio 2 is:
ii) a constant power 2D noise pedestal coming from all time-varying scatterers. The number of independent time-varying scatterers imaged by the system is (Γ 2 + Γ 3 ) × D r /ρ a × τ r /τ . From equation 3 and exploiting the superposition principle the signal to noise (peak to 2D pedestal) power ratio is:
iii) a constant power 1D noise pedestal in azimuth coming from partially coherent targets. The noise contributions of all the independent scatterers of this type that are located at the same range position add up incoherently. Thus, D r Γ 3 /ρ a 1D pedestals add up incoherently in azimuth. From equation 4 we get a signal to noise power ratio:
Combining equations 5, 6 and 7, the following expression of the total signal to noise power ratio holds:
Since totally incoherent scatterers are very unlikely (i.e. Γ 2 0), we can conclude that the lower bound of the signal to clutter noise ratio of such an imaging system ranges from 14 to 39dB depending on the value of 0 ≤ Γ 3 ≤ 1. The extreme values are unlikely since in one case we have only one stable target in a sea of partially coherent scatterers and in the second we have only stable targets. We could take Γ 3 = .2 and then get 21dB as signal to clutter noise power ratio.
The link budget
As in the DAB system proposed in [2] , we hypothesize that the nominal transmitter EIRP is 57dB w on the B s = 4MHz system bandwidth (that corresponds to a power on the ground of about P g = −171dB w /m 2 /Hz ), the transmitter beam center is supposed to be at latitude 0 0 (different latitudes can also be considered; then a squinted bistatic system should be dealt with, not to be discussed here). The central frequency is 1.5GHz and σ 0 = −18 dB. The power at the receiving satellite S R is:
being B the used bandwidth and G r the receiving antenna gain. The dimensions of the target area A c (the ground resolution cell) in the along track direction ρ a and in the across track direction ρ g depend on the synthetic antenna aperture and on the inverse of the system bandwidth B respectively. The power at the receiver S R (supposed to be separated by 30 o longitude with respect to the transmitting satellite S T ) can be rewritten as follows:
where A r is the receiving antenna area. It should be noted that the received power P r is independent of the ground range resolution until the used bandwidth B ≤ B s , or the selected ground range resolution ρ g ≥ c/2B s sin (π/6) = 75 meters 3 . The ratio between signal power and noise power in the bandwidth B, SN R, has the following expression that depends on the antenna noise temperature T a = 290 K [5] , the noise figure of the receiver F n = 7 dB (i.e. the system temperature is approximately F n T a 1500 K), the Boltzman constant k :
Averaging the received signal (rephased and thus coherent) and the noise (incoherent) for T o , we get an equivalent noise bandwidth of 1/T o .
This corresponds to the usual SAR equation in Cutrona [6] (apart from a factor of 2 that accounts for the bistatic configuration) where the observation time T o is expressed as the synthetic antenna length n S divided by the supposed constant sensor velocity v s .
The SN R gain is due to the long integration time of the backscattered signal, rephased by the crosscorrelation with the original signal and the compensation of the phase changes due to the variable distance. Then, recalling ρ a = 120m, A r = 20m 2 (corresponding to a 4.8m antenna diameter and an observed area with 1500km diameter), we get :
10 log 10 SN R foc = 9.2 dB (12)
Applications of daily interferometry
Two complex images of the stable scatterers of area of interest can be generated daily. Thus a zero baseline interferogram of the monitored area can be generated every T hd = 12 hours after the first image is taken. These interferograms could be used to get a time series of possible crustal deformations regularly sampled in time and space. Since most of the energy coming from, say, foliage would be filtered by the slow azimuthal progression, it could be possible to see under a foliage screen as long as the energy backscattered from the coherent background is greater than the noise level. An application of this concept could be the study of coastal areas with a tide synchronous acquisition to get a "tomography" (i.e. contour lines at different tide level) of the coast. The ship traffic would not be seen: the random pitch and yaw of the ship makes this target too instable to be imaged. Another application could be monitoring the atmosphere on land; for instance, if the spatial resolution of the system decreases from 120 × 120 m 2 to 1 × 1 km 2 the integration time can be reduced of a factor (1000/120) 2 ∼ 70 from 8hrs to say 10 minutes. Then, the meteorological effects could be identified, monitored, and (if necessary) compensated. However, the N-S speed should be established accordingly. Finally, the orbit of S R could be made elliptical instead of circular. Due to the varying orbital velocity, the relative motion would describe an ellipse instead of the figure of eight and thus create also an antenna directed East-West, or baselines for topographical estimates. The time varying delay due to the ellipticity should also be considered in focusing.
Conclusions
A bistatic geostationary SAR system that uses the backscattered DAB radiation appears feasible. Only objects that remain stationary half a day long could be imaged by means of the proposed SAR system. Sea, foliage screens and in general whatever moves in a few milliseconds would almost not be imaged. Integration times shorter than half a day are acceptable, provided that the spatial resolution be properly reduced; this could lead to another interesting application, namely monitoring the atmosphere on land with a rather interesting image resolution. The main goal could be volcanoes or coseismic motions monitoring or GPS corrections, where the timeliness of the observations is paramount. To make the system cheaper other solutions are also possible, like adding a receiving feeder in a communication satellite, piggy-backing the entire system and avoiding the receiving satellite altogether. Limited areas could be observed from grounded platforms too, if it is the transmitter that wanders in the sky. In this case the more favorable link budget allows shorter integration times and therefore the use of LEO communication satellites.
